Nude mice have been shown to be as resistant to intraperitoneal infection with herpes simplex virus type 1 (HSV) as their heterozygous littermates. Here we document that both activation of natural killer (NK) cells and interferon induction were normal in nu/nu mice after injection of HSV. Injection of silica caused increased mortality by HSV in C57BL/6 mice. Silica, in addition, led to a significant reduction of NK cell activity but had no effect on the interferon response. Treatment of C57BL/6 mice with anti-asialo GM1 (an antiserum with a predominant effect on NK cells) caused complete abolition of the NK cell response, but had no effect on interferon induction or virus-induced mortality. In further studies a monoclonal anti-thy-1.2 antibody was utilized which possessed high activity in rivo in depleting T cell responses in mice. Injection of anti-thy-1.2 decreased NK cell activation but was without effect on the interferon response. Unexpectedly, in view of the data in nu/nu mice, this antibody increased HSV-induced mortality in C57BL/6 mice. Similar data were obtained when anti-thy-l.2 was injected into nu/nu mice. Our results are compatible with the hypothesis that T cell precursors sensitive to anti-thy-1.2 present in homozygous nude mice play a role in resistance against HSV. Furthermore, the data in the euthymic mice may indicate a role of T cells in the primary resistance of mice against HSV.
INTRODUCTION
Thymus-dependent (T) lymphocytes are of central importance in specific antiviral immunity ('acquired resistance'), and this certainly applies to immunity against herpes simplex virus (HSV) (for review, see Nash et al., 1984) . It is less clear whether T lymphocytes also contribute to antiviral defence in the non-immune host ('natural resistance'). There have been some reports that injection of anti-lymphocyte serum or of anti-thymocyte serum increased HSV-induced mortality upon primary virus infection (Hirsch & Murphy, 1968 : Kirchner et al., 1978b : Mori et al., 1965 : Nahmias et al., 1969 : Zisman et al., 1970 . However, it is now recognized that such antisera are not specific for T lymphocytes. On the other hand, several groups have reported that homozygous nude mice do not differ in HSV-induced primary mortality when compared to their heterozygous littermates (Lopez, 1983 ; Mogensen & Kerzel Andersen, 1978 ; Zawatzky et al., 1979) . In other HSV infections, however, an increased mortality of nu/nu mice has been reported (Kapoor et al., 1982a , b: Metcalf et al., 1979 Nagafuchi et al., 1979) and, of course, nude mice show a defect in specific immunity against HSV (Burns et al., 1975 ; Hilfenhaus et al., 1981) . Welsh (1981) has suggested that the natural killer (NK) cell system plays a role in antiviral resistance. Results fitting this hypothesis have been reported in the murine cytomegalovirus system (Bancroft et al., 1981 ) . Nude mice have a normal N K cell response when injected with a variety of inducers (Herberman et al., 1975) and their NK cell response after injection of HSV is also normal, as will be shown. In the present paper we have used a selective antibody, anti-asialo 0000-6474 (~' ,~ 1985 SG M GM1 serum (Kasai et al., 1980) , to test the effect of elimination of NK cells on resistance to HSV. Furthermore, we have used an anti-thy-1.2 antibody of established high activity in vivo as a selective tool to analyse the role of T lymphocytes in natural resistance to HSV (Opitz et al., 1982) .
METHODS

Mice.
Male C57BL/6J/BOM, C57BL/6 nu/+ and C57BL/6 nu/nu were supplied by Bomholtgaard (Ry, Denmark) . Mice between 8 and 12 weeks old were used in all experiments.
IGrus. HSV-I (WAL) strain (subsequently referred to as HSV) was used: its preparation has been described previously (Zawatzky eta[., 1982) The virus was kept frozen at -70 "C in small samples. They were freshly thawed and diluted before each experiment. In the mortality experiments three serial dilutions of one virus sample were used.
Anttsera and reagents. The monoclonal antl-thy-I. 2 antibody used was the one previously described by Opitz et al. (1982) . In the present paper, the effectiveness of antibody treatment in viro on T cell functions was confirmed. In most of the experiments described here, ascitic antibody was used but essentially the same results were obtained with tissue culture-derived antibody. Rabbit anti-asialo G M 1 serum was obtained from Wako (Osaka, Japan) and was injected at a dose of 100 ~tl/mouse. PHA (phytohaemagglutinin from Phaseolus t'ulgaris) and Con A (concanavahn A) were purchased from Wellcome Reagents (Beckenham, U. K. ) and Calbiochem, respectively. Silica (DQ 12 < 5 ~tm) was obtained from Dr M. Reisner (Stemkohlebergbauverein, Essen, F.R.G.), resuspended in saline, and adjusted to a concentration of 50 mg/ml before use. antibodies. Anti-asialo GM1 (100 ~tl) was injected intraperitoneally (i.p.) on the first and third day of the experiments. On the lburth day, mice were injected with dlflerent doses of HSV as indicated in the tables. The second group of mice was pretreated 1.p. with anti-thy-1.2 (two doses of (1-2 ml per mouse by the same regimen) Four h after HSV infection the peritoneal wash fluid was recovered and tested for interferon acnvity. After 18 h, peritoneal exudate cells (PEC) were washed out and tested for NK cell activity. The cells were washed out with copious amounts of balanced salt solution, less than 0.5 m] was injected to recover a small amount of fluid for interferon testing.
For the lymphoproliferation assay, spleens from anti-thy-I .2-or saline-treated mice were collected and the responses to PHA and Con A were measured. In the mortality experiments each group consisted of l0 mice. The number of dead mice was recorded daily for 14 days and results are expressed as the percentage of dead mice per group.
Silica pretreatment. Five mg of silica suspended in 0.5 ml of saline was injected i.p. 1 day before HSV infection. NK cell activity in the PEC, interferon levels and mortality were determined by the same protncols as after antiserum pretreatment.
Prolileratil'e response o[ spleen cells to Con A and PHA. The mitogen assay was performed exactly as described (Kirchner et al., 1978u) . Briefly, spleen cells from mice injected with anti-thy-1.2 antibodies were cultured in 0-2 ml RPMI 1640 medium containing 10% foetal calf serum at a concentration of 6 x 1(I 5 cells/well in the presence of PHA (2.5 ~tg/ml) or Con A (2-5 p_lg/ml) in flat-bottom 96-well microplates. After 72 h the cells were pulse-labelled with [3H]thymidine (sp. act. 6.7 Ci/mmol, New England Nuclear) at a final concentration of 1 ~Ci/ml. The cells were harvested on filters by using a semi-automated harvesting device (Skatron, Flow Laboratories) and radioactivity of the filters was measured in a scintillation spectrometer. Mean c.p.m, of triplicate cultures were calculated.
Inter[eron assay. For interferon measurements, a one-step assay utilizing L cells and vesicular stomatitis virus was used. All details of this technique have been previously described (Zawatzky et al., 1981 ) . lnterferon-y in spleen cell supernatant was assayed by the same method. Since no standards were available at this time, results are given in laboratory units (see Marcuccl et al., 1982 , for further details).
NK cell activity assay. For testing N K cell activity, PEC from HSV-mfected mice were washed out 18 h after infection, adjusted to I x 10" per ml and used as effector cells. YAC-1 cells (10 ") were labelled with 100 ~tCi Na ~l CrOz (sp. act. 50 mCi 5~Cr/mg Cr, Behringwerke, Marburg, F.R,G.) for 1 h at 37 "C. Subsequently, effector cells and target cells were mixed at a ratio of 10 : 1, which proved to be optimal in this system (Engler et al., 1982) . They were incubated for 4 h at 37 ~C. Baseline spontaneous ~Cr release was determined by incubating targets without effectors. Total chromium release was measured in wells to which Triton X-100 had been added. After harvesting, radioactivity in 100 ,ul of the supernatant was measured in a gamma counter. Cytotoxicity was calculated by the following formula: specific lysis (° o) = (test release -low control release) x 100/(high control release -low control release). 
bwestigations on nude mice
We have previously shown that homozygous nude mice are at least as resistant to i.p. infection with HSV as their heterozygous littermates (Zawatzky et al., 1979) . We have now investigated the local interferon response and NK cell activation upon infection with HSV (Table 1) . It can be seen that neither type of response differed between C57BL/6 nu/nu mice and C57BL/6 nu/+ mice.
EfJects oJ'silica on HSV in[ection in C57BL/6 mice
Injection of silica broke resistance of C57BL/6 mice against HSV infection (Table 2) . Silicatreated mice died earlier than control mice; this was observed both for resistant strains (C57BL/6) and DBA/2 mice, and suggests that the agent caused virus generalization. Generalization was also shown by titration of the viral content of visceral organs (data not shown).
Furthermore, silica significantly reduced HSV-induced NK cell activation, whereas it was without effect on HSV-induced local interferon production under the conditions of our experiments (Table 3) . We have shown elsewhere that injection of silica drastically reduces the number of macrophages staining positively for esterase (Schindler et al., 1984) . Similarly to the previous study, in untreated control mice there were about 550//0 PEC staining strongly for esterase, whereas there were less than 5 °, o weakly staining cells 6 h after injection of silica (data not shown). * Individual mice of a representative experiment which was repeated three times with identical results. + NK cell activity was determined in the peritoneal cell population, ~vhereas interferon (IFN) titres were determined in the peritoneal wash fluid. Individual mice were tested after i.p. injection of HSV. 
Effects of anti-asialo GM1 serum on HSV-&duced NK cell activity and lethality
In order to evaluate further the potential role of NK cells in virus resistance, C57BL/6 mice were treated with anti-asialo GM1 serum. This treatment completely inhibited HSV-induced NK cell activation. Injection of anti-asialo GM1 serum was without effect on interferon production (Table 3 ) and did not increase the mortality of C57BL/6 mice after injection of HSV ( Table 2) .
Effects of anti-thy-1.2 serum on HSV-induced lethality
Injection of the anti-thy-I. 2 serum used in our experiments has been previously shown to abolish T cell functions in mice (Opitz et al., 1982) . This was confirmed by data of the present study indicating the complete absence of PHA-and Con A-induced lymphoproliferation in vitro of spleen cells of C57BL/6 mice after treatment in vivo with anti-thy-1.2 antibody (Table 4) .
Pretreatment with the antibody furthermore reduced HSV-induced NK cell activity in PEC by about 50o/0 whereas it was without effect on HSV-induced interferon titres in the peritoneal wash fluid (Table 3) . Unexpectedly, however, treatment by anti-thy-1.2 serum significantly increased HSV-induced lethality in C57BL/6 mice ( Table 2) . The latter result, although in contrast to the data in homozygous nude mice, suggested a role of T cells in primary, genetically controlled resistance of mice against infection with HSV.
Treatment of nude mice by different antisera
Treatment of nu/nu mice by anti-asialo G M1 serum completely inhibited HSV-induced NK cell activity (Table 5) , as was observed above in C57BL/6 mice. Injection of anti-thy-1.2 serum reduced NK cell activity by about 50°%. The susceptibility ofnu/nu mice to injection of HSV was unaffected by injection of anti-asialo GM1 serum but, as with C57BL/6 mice, the mortality of nu/nu mice and nu/+ mice was increased after injection of anti-thy-1.2 serum ( Table 6 ). The 40 5 x 10: 10 * Mice were treated twice with the antibody or with saline on day 1 and 3 and on day 4 infected with different doses of HSV. Each group consisted of 10 mice. Representative experiment which was repeated three times with identical results. 1  3  243  2  3  729  3  3  243  Anti-thy-I. 2  1  3  9  2  3  3  3  3  3  Nu/+  Saline  1  3  729  2  3  729  3  3  243  Anti-thy-1.2  1  3  3  2  3  3  3 3 3 * Results for individual mice are given. t Laboratory units.
effectiveness of this treatment on theta-bearing cells in nu/nu mice was investigated in experiments which showed that PHA-induced production of interferon ]known to be a function of theta-bearing spleen cells of nu/nu mice (Kirchner et al., 1980) ] was abolished in spleen cell cultures derived from nu/nu mice after treatment with anti-thy-1.2 serum (Table 7) . In order to ensure the absence of functionally intact, mature T cells in homozygous nude mice, we routinely tested splenic lymphoproliferative responses towards PHA and Con A; the results are included in Table 4. W. CHMIELARCZYK AND OTHERS
DISCUSSION
We and others have recently shown that the homozygous nude mice are no more susceptible to infection with HSV than are their heterozygous littermates, at least after i.p. infection (Lopez, 1983 : Mogensen & Kerzel Andersen, 1978 Zawatzky et al., 1979) . We have also presented evidence indicating that the interferon endogenously produced in response to HSV may be instrumental in mediating genetic resistance to HSV in mice (Zawatzky et al., 1981) and that this interferon is a product of macrophages (Kirchner et al., 1983) . We wish to discuss our present findings in view of these results. First, nu/nu mice, in accordance with their resistance to HSV and in view of the fact that their macrophage functions are normal, produce normal interferon titres in the peritoneal cavity after injection of HSV. Furthermore, and not unexpectedly, we have observed the activity of NK cells to be normal in nude mice after injection of HSV.
Injection of silica has been previously shown to increase the susceptibility of mice to HSV (Zisman et al., 1970) and we have extended this finding here by showing that the genetic resistance of C57BL/6 mice may be broken by the injection of silica. However, unexpectedly, silica (which is known to be poisonous to macrophages) did not impair interferon production. At present, we cannot explain this finding which contrasts with our other work in which we found that macrophages are the producers of HSV-induced interferon (Kirchner et al., 1983) . Silica did, however, significantly decrease the activity of NK cells after infection with HSV. Similar data have been recently reported with a variety of NK cell activators other than HSV (Djeu et al., 1979) .
To pursue this aspect further, we have used another method to deplete NK cell activity, i.e. the injection of asialo-GM 1 antibody. Under these conditions, HSV-induced NK cell activity was completely abolished. Nonetheless, resistance to HSV was not affected by injection of the antibody. These data suggest that NK cell activation by the injected virus does not play a central role in resistance. This conclusion is in accordance with genetic experiments in our laboratory in which we have failed to observe a strict correlation between the magnitude of the NK cell response and resistance (Engler et al., 1982) .
After our work was submitted, a paper appeared by Habu et al. (1984) reaching largely different conclusions. The differences between the two studies are difficult to reconcile, although there are many methodological differences between them. The main point of difference seems to be that Habu et al. (1984) injected the antibody six times whereas we felt that twice was sufficient. Using this method, we showed the total absence of HSV-induced peritoneal NK cell activity.
Unexpectedly, we observed that injection of anti-thy-l.2 serum increased HSV-induced mortality. One of us has shown previously that this treatment effectively eliminates T cells in mice (Opitz et al., 1982) . Here, we have documented the efficacy of antibody treatment by data indicating the complete absence of PHA-and Con A-induced lymphoproIiferation in spleen cell cultures of C57BL/6 mice treated by anti-thy-I .2 serum. Furthermore, in nu/nu mice we monitored antibody treatment by testing interferon production by spleen ceils after PHA stimulation. This was done because previous experiments showed that spleen cells ofnu/nu mice were capable of producing normal amounts of interferon in response to PHA, and that this interferon production was abolished when the spleen cells were treated in vitro by anti-thy-1.2 antibody (Kirchner et al., 1980) . We have interpreted these data as indicating the production of interferon-~, by theta-bearing T cell precursors in spleen cells of nude mice. Our present data show that treatment in vieo by anti-thy-1.2 serum also eliminates this cellular subset.
At this stage, it is important to ask what is the role of T cells in natural antiviral defence against HSV? We wish to stress that we are discussing here only the defence of non-immune mice. There is no doubt, of course, that T cells do play a decisive role in the specific immune response of mice against HSV. These may either be cytotoxic T cells or helper T cells or perhaps both. Regarding the primary anti-HSV defence, it was reported several years ago that neonatal thymectomy increases HSV-induced mortality of mice (Mort et al., 1967) . Furthermore, by using antisera, i.e. (heterologous and polyclonal) anti-thymocyte and anti-lymphocyte sera, an increase in susceptibility to HSV infection was found (Mort et al., 1965; Nahmias et al., 1969 : Zisman et al., 1970 . We have used here a monoclonal anti-theta antibody with an established high ability to deplete specifically the cells of the T cell lineage in vivo. We have observed that this antibody was capable of breaking the resistance of C57BL/6 mice to HSV infection, apparently in contrast to the previous data in nude mice.
We have therefore done additional experiments in which nu/nu mice were treated with antithy-1.2 antibody. The mortality of nu/nu mice was increased to the same extent after injection of anti-thy-1.2, as had been observed in C57BL/6 mice possessing an intact thymus. Nude mice are known to have theta-bearing T cell precursors and these may be the target in vivo of the action of the antibody. Thus, we wish to present the hypothesis that immature T lymphocytes are relevant in primary antiviral defence. The latter, at least in our experimental model, is genetically controlled by genes independent of the major histocompatibility genes (Lopez, 1983) . Our results from the use of a highly selective antibody against T cells seem to indicate a role for cells of this lineage in primary antiviral resistance in this model. From our previous studies we have postulated an important role of the early local interferon response. Thus, perhaps both T cells and the endogenous interferon response may be important for natural, genetically controlled resistance.
